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Abstract. A recent laser spectroscopy experiment of three-body pionic helium atoms which
was carried out using the 590 MeV ring cyclotron facility of the Paul Scherrer Institute (PSI)
is briefly reviewed. The charged pion mass may be precisely determined by measuring the
transition frequency of the pionic atom and comparing the results with quantum electrodynamics
(QED) calculations. The experimental methods used to detect the atomic resonance are
described.

1. Introduction

The PiHe collaboration recently carried out spectroscopy of metastable pionic helium (7T4HeJr =
T + 4He't + e”) atoms [1-9] using a sub-nanosecond infrared laser [10,11]. This exotic
atom is made of an alpha particle, a ground-state electron, and a negatively-charged pion
in a highly excited state with principal and orbital angular momentum quantum numbers
of n ® £+ 1 ~ 17. The pionic orbital has a very small overlap with the atomic nucleus
and so have lifetimes of nanoseconds. This enabled the first laser spectroscopy of an atom
containing a meson [11]. The transition frequencies of the atom can be obtained by quantum
electrodynamics (QED) calculations. By comparing the calculated and measured frequencies,
the 7~ mass may be precisely determined [12-14]. The experiment may also determine upper
limits on the laboratory constraints on the muon antineutrino mass [15], and exotic forces that
may arise between a pion and helium nucleus [16-19]. Similar experiments have been carried out
on metastable antiprotonic helium (pHet = P+ He?t +e7) atoms at the Antiproton Decelerator
of CERN [20-27]. Of particular interest is the fact that the 7*He™ atom contains no hyperfine
structure due to the spin-spin interaction between the *He nucleus and pion, and so QED effects
relevant to such boson-boson bound states can be precisely studied [28,29].

4 Present address: McKinsey and Company, Sophienstrasse 26, 80333 Munich, Germany

5 Present address: ETH Ziirich, IPA, Otto-Stern-Weg 5, 8093 Zurich, Switzerland

5 Present address: Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, H-1525
Budapest 114, P.O.B. 49, Hungary

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1



International Conference on Technology and Instrumentation in Particle Physics IOP Publishing

Journal of Physics: Conference Series 2374(2022) 012039  doi:10.1088/1742-6596/2374/1/012039

0

A 7

R4 \\_ 7

17~ N 9
2.1(12) 2%
\/\/\/?( / %@ /_
- Y~ A e

&
%~ — Radiative rate = 5 x 10° (s

eV

8(:;)\Auger rate =8 x 10° (s™)

4(11) 17
NN\ /

«—n=\/ M _162

e

Level energy

*He? ground state

Neutral metastable n*He*
~~o~_- Auger-dominated n*He*

______ lonized n*He?*

16 17 18

Figure 1. Energy level diagram of long-lived three-body pionic *He atoms. The energy of
the states (n,?) are indicated relative to the three-body-breakup threshold. Wavy lines show
Auger-dominated states, solid lines states with lifetimes of > 10 ns. Auger decay rate of each
state is indicated in s~'. The dashed lines show the two-body ionic states that are formed after
Auger emission. The curved arrows indicate Auger transitions. Radiative transitions of the type
(n,) = (n—1,£—1) and (n,¢) — (n — 1,£+ 1) are shown by arrows with the decay rates
indicated in s~!. From Ref. [10].

2. Experimental method
In the experiment, laser beams of pulse length At = 800 ps and wavelength A ~ 1631 nm
were used to excite a transition from the pionic state (n,¢) = (17,16) that had a nanosecond-
scale lifetime, to a state (17,15) with a 7 = 5 ps Auger lifetime and subsequent nuclear
absorption [10,30-33] (Fig. 1). The m4He" resonance was revealed as a peak in the rate
of neutrons, protons, and deuterons that emerged from the resulting pion absorption in the
nucleus. This laser resonance signal was superimposed on a background of pions that underwent
immediate absorption, and m4He" that spontaneously decayed with a 7 &~ 7 ns lifetime [6, 10].
The 7E5 beamline [34] provided a 7~ beam of momentum p = 83-87 MeV/c and intensity
N, = (2—3) x 10" s71. Most of the background electrons and muons in the beam was removed
using a Wien filter and slit collimator. The 7~ travelled through a segmented plastic scintillator
plate and then entered the experimental helium target. The 7~ arrived at average intervals
of At = 19.75 ns which corresponded to the reciprocal of the f, = 50.63 MHz accelerating
radiofrequency of the PSI ring cyclotron. The laser beams of pulse energy £ = 10 mJ and
repetition rate of f, = 80.1 Hz were produced [11] by an injection-seeded, optical parameteric
generator (OPG) and amplifier (OPA) laser system (see Fig. 2 (b)). The laser beam irradiated
the pionic atoms at a time ¢ = 9 ns after 7~ arrival. The production rate of the atoms was
estimated as > 3 x 10° s~!, the probability of coincidence of a laser pulse irradiating the atom
as ~ 1073.



International Conference on Technology and Instrumentation in Particle Physics IOP Publishing
Journal of Physics: Conference Series 2374(2022) 012039  doi:10.1088/1742-6596/2374/1/012039

Graphite
target ~a 83'%‘, W, e 2m

(a)

590 MeV protons Quadrupole Magnets )’

Superfluid
1.2 MW, =50.63 MHz

helium target

Dipole magnets

(b) Cryocooler. :

(c)

4:9(?'%
,st,e/ (/v

Wavelength
meter

Superfluid helium

target /‘95‘@,
Scintillator
array Nd:YAG fiber 708,
amplifier 2%
Slit collimator Scintillator 0’00/;)): %,
0,20

Loa P
B5e0S

Figure 2. (a): Layout of the experimental beamline. (b): Layout of the experiment. The
7~ beam travels through a segmented scintillation counter before coming to rest in the helium
target. The m*He™ atoms are irradiated with the laser pulses. The nuclear fragments that
emerge from the pion absorption in the nuclei are detected by an array of scintillation counters.
(b): Schematic layout of the laser system. From Ref. [11].

The signal neutrons, protons, deuterons, and tritons [10,35,36] had kinetic energies of a few
tens of MeV. Their arrival times and energy depositions were measured by an array containing
140 plastic scintillation counters that surrounded the target. The size of the individual counters
40 x 35 x 34 mm? was optimized to provide a < 10% detection efficiency for neutrons of energy
E > 25 MeV [10]. We rejected the background electrons in the beam or those that were produced
in p~ decays, by removing the events that had small energy depositions. The waveform [37-40)]
of the scintillation counter signals were acquired using a data acquisition system based on the
DRS4 application-specific integrated circuit (ASIC). A variant of this system was used in an
experiment to measure the limits on the cross sections o4 of antiprotons of kinetic energy
E ~ 125 keV annihilating in target foils [39,41,42]. The measurements were an extension of our
recent experiments using antiprotons of £ = 5.3 MeV [40,43-45].

3. Experimental results

The blue time spectrum of Fig. 3 (a) shows the particle arrivals at the scintillator array which
were measured without laser irradiation. The sharp peaks at ¢ = 0 and 19.75 ns correspond to
pions that came to rest in the target that underwent prompt nuclear absorption. A (2.1+0.7)%
fraction of the pions instead gave rise to a time spectrum of metastable m4He" that decayed
with a lifetime of 7 = (7 & 2) ns in the intervals between the 7~ arrival peaks.

We searched for the transitions (n,l) = (16,15)—(17,14) and (16,15)—(16,14) using a
combined dye and Ti:Sapphire [46] laser, but no significant signal was observed. We then
searched for (17,16)— (17, 15) using the OPO-OPA laser. The time spectrum indicated by filled
circles superimposed in Fig. 3 (b) was measured with the OPG laser tuned to a wavelength
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Figure 3. (a): Time spectra of nuclear fragments measured with (indicated by filled circles)
and without (blue histogram) laser irradiation. The peak in the former spectrum at ¢t = 9 ns is
the resonance signal of (17,16)—(17,15). (b): Profile measured by scanning the laser over the
resonance and plotting the normalized signal counts. From Ref. [11].

A = 1631.4 nm. The laser-resonance peak was detected at time t = 9 ns. The experimental
detection rate of 3 h™! resonant events is compatible with the expected value from Monte Carlo
simulations [10] in which most of the pionic atoms populated state (17,16). When the laser was
detuned off the resonance frequency, the signal decreased and disappeared.

By scanning the laser frequency and plotting the number of resonant events, the profile
shown in Fig. 3(b) was obtained. The vertical error bars indicate the statistical uncertainty of
the numbers of the resonant 74He " events. The resonance width of ~ 100 GHz is consistent with
the Auger width I'y = 33 GHz of state (17, 15) [10], and various contributions from collisional [8]
and power broadening, and the laser linewidth. Atomic collisions that shorten [7,47] the state
lifetimes may also cause additional broadening. The best fit (blue curve) of two overlapping
Lorentzian functions which take the hyperfine sublines arising from the electron spin is shown.
The resonance centroid was obtained as Vex, = 183760(6)(6) GHz. The statistical uncertainty is
6 GHz. The systematic uncertainty of 6 GHz contains contributions related to the selection of
the fit function and the uncertainty related to the laser. The measured frequency is larger than
the calculated frequency vy, = (183681.8 = 0.5) GHz [10]. This is believed to be due to atomic
collisions in the target that shift the atomic transition frequency [7,8,47,48]. The blueshift of
the frequency predicted from the impact approximation of the binary collision theory of spectral
lineshapes [8] is between Av = 96 and 142 GHz. This roughly agrees with the experimental
result.

We intend to search for other laser transitions which should be narrower by a factor of at least
1073 compared to this detected resonance [10]. Though the precision of the theoretical transition
frequency vy, is currently limited by the experimental uncertainty of the 7= mass, the relative
precision of the calculations [10] can be improved to < 1078, using techniques developed for
studies of HDT [49-51] and pHe™ [20,21]. We will also carry out two-photon laser spectroscopy
of pHe™ [52] using the new ELENA facility [53,54] at CERN.
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